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19F and 31pNMR spectroscopy of calcium 
apatites 
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Glass ceramics that include apatite crystals are used as implant materials. Because most of 
these glass ceramics are comprised of fluoride-containing glass compositions, the included 
apatites could be hydroxyapatite, fluorapatite or fluoride-substituted hydroxyapatite. However, 
these apatites differ in regard to their solubility and thermal stability. The purpose of the 
current study was to determine the possibilities of distinguishing between these apatities. High 
resolution solid-state 19F and 31p magic angle spinning (MAS) nuclear magnetic resonance 
(NMR) spectra of two fluorapatites, a hydroxyapatite and a fluoridated hydroxyapatite have 
been obtained. Using 31 p NMR investigations it is possible to distinguish between calcium 
apatites and other calcium phosphates, but the distinction between fluoride-containing apatite 
and hydroxyapatite is not possible. However, 19F high-resolution solid-state NMR 
investigations permit the distinction between these various apatites. The results of the NMR 
investigations could be used for the characterization of glass ceramics. The application of 
those results was demonstrated using a newly developed apatite-containing glass ceramic. 

1. Introduction 
Nowadays in modern medicine, different implant ma- 
terials are used to preserve and restore bodily func- 
tions: metals and alloys, organic polymers, glasses, 
glass ceramics, sinter ceramics and glass carbon. The 
application of bioactive materials, such as tricalcium- 
phosphate, tetracalciumphosphate, hydroxyapatite, 
fluorapatite, bioglasses and glass ceramics is a grow- 
ing trend. If implanted into a bone defect, a bioactive 
material is not encapsulated by a connective tissue, 
but comes into direct contact with the surrounding 
bone and forms a tight chemical bond with it [1]. 
Some different kinds of glasses and glass ceramics 
showing bioactive behaviour have been developed [2]. 
Most of the bioactive glass ceramics available today 
include calcium apatite as crystalline phase. Since 
these glass ceramics are comprised of fluoride-con- 
taining glass compositions, the precipitated apatite 
could be fluorapatite, hydroxyapatite or fluoride-sub- 
stituted hydroxyapatite. The distinction between these 
kinds of apatites is a difficult problem because the 
crystals are relatively small and surrounded by a 
glassy matrix (and possibly by additional crystal 
phases as well). It is often impossible to distinguish 
definitely between fluorapatite and hydroxyapatite 
using X-ray diffraction, as the patterns of these apati- 
tes are very similar. However, in aqueous solutions the 
solubility of fluorapatite is lower than that of hydroxy- 
apatite, which is interesting for application as a long- 

term stable implant. It is known that in the case of 
fluoridated hydroxyapatites, the solubility decreases 
with increasing fluoride content [3]. Furthermore, 
other studies have shown fluorapatite to be bio- 
compatible with soft and hard tissue [4, 5] and it has 
been reported that fluorapatite is stable with respect 
to high temperatures (plasma-spray temperatures) [6]. 
That is why fluorapatite and fluorapatite-containing 
materials are more suited as coatings of metallic im- 
plants than hydroxyapatite or hydroxyapatite- 
containing bulk materials [7, 8]. 

In this study, the possibilities of distinguishing 
between fluorapatite, hydroxyapatite and fluori- 
dated hydroxyapatite using high-resolution solid-state 
NMR have been determined. The results will then be 
applied to a newly developed apatite glass ceramic. 
For that purpose 31p and 19F MAS NMR investiga- 
tions have been performed to study different mineral 
and synthetic apatites in the same way as an apatite- 
containing glass ceramic. 

2. Experimental procedures 
The NMR spectra were acquired on a commercial 
Bruker AMX 400 NMR spectrometer and a home- 
built solid-state spectrometer completed with a super 
conducting solenoid (Oxford Instr. B o = 6.35 T) op- 
erating at 109.3 MHz for 3tp and 254.0 MHz for 19F. 
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All 31p isotropic chemical shift parameters 5is o and 
relative line intensities were obtained from high-speed 
MAS spectra using spinning speeds of about 13 kHz. 
The anisotropy (A6) and asymmetry (q) parameters 
were obtained from the low spinning speed (about 
2 kHz for 31p and 4 kHz for 19F) MAS spectra using 
the method of Herzfeld and Berger [9, 10]. The chem- 
ical shift refers to 85% solution of phosphoric acid for 
the 31p resonance and C6F 6 for the 19F resonance. 

A commercial hydroxyapatite powder (<  45 pro) 
supplied by MERCK (Darmstadt, FRG) is compared 
with a synthetic fluoridated hydroxyapatite, a natural 
mineral fluorapatite from Ehrenfriedersdorf (FRG) 
and a fluorapatite that was synthesized by a solid- 
state method (2 h at 1000°C) [11]. The solid-state 
synthesis is based on the reaction 

9Ca(PO3)2 + l l C a F  2 --, 2Cato(PO4)6F2 + 6POF 3 

The fluoridated hydroxyapatite was prepared in an 
aqueous medium by means of a cyclic pH variation 
technique described by Duff [12] in relation to the 
synthesis of fluorapatite. 10 g of a fresh calcium hy- 
droxyapatite was placed in a polyethylene bottle with 
500 ml of a 0.01 M aqueous solution of NaF. This 
system was equilibrated to pH = 7 overnight, then the 
pH was dropped to 4 with 1 M HNO3. After 30 min of 
equilibration the pH was raised to 7 using 1 M NaOH. 
This cycle of pH fluctuation was repeated three times. 
Then the solid phase was filtered, washed with distilled 
water, dried at 100 °C and heat-treated at 1100 °C for 
2h.  

The X-ray diffraction patterns of the solid product 
agree with those of crystalline calcium apatites. The 
fluoride content (expressed as fluoride at %, where 
100 at % corresponds to the total substitution of F -  
for O H - )  was determined using the method reported 
by Pietzka and Ehrlich [13] to be 25 at %. So the 
fluoridated hydroxyapatite can be described with the 
formula Calo(PO4)6Fo.s(OH)1.s. 

3.  R e s u l t s  a n d  d i s c u s s i o n  
The high-resolution solid-state NMR is of significant 
structural sensitivity. As seen in the case of the present 
31p NMR investigations, the application of cor- 
relations between the anisotropic chemical shift and 
structural features permits analysis of short-range 
structure around the nucleus under investigation. 

In the case of phosphorus-containing solids such as 
glasses and ceramics, the 31p chemical shielding is 
anisotropic and is described by a tensor & If 5 u (i = 1, 
2 or 3) are the components in the direction of the 
principal axes of the tensor of a given nucleus in the 
molecular framework, the isotropic value 51s o, the shift 
anisotropy A5 and the asymmetry parameter q can be 
derived according to the following relations [14]: 

isotropic shift: 5is o = 3~511 q- 522 -1- 533 ) (1) 

anisotropy: A5 = ~33 - ½(511 + 522) (2) 

511 - 522 
asymmetry: q - 533 - 51so (3) 

with t511 - 8~o1 < 1522 - -  5iso[ ~ 1533 - -  6iso[ 

From the literature [15-19], it is well known that 
structural units of different degrees of condensation 
(Q"-groups, where n is the number of bridging oxygen 
atoms between POg-tetrahedra) in solid phosphates, 
either crystalline or amorphous, give different values 
of the 31p chemical shift anisotropy. 

In addition to this, the isotropic chemical shift 
correlates with the field strength of the cations sur- 
rounding the phosphate anions. As a result, the iso- 
tropic chemical shift parameters are very suitable in 
identifying the cation's influence on the PO 4- 
tetrahedra. By analysis of the MAS linewidth, it is 
possible to obtain information about the state of order 
of the materials investigated, because the MAS line- 
widths of amorphous (approximately 10ppm) and 
crystalline (approximately 1 ppm) phases differ by a 
factor of ten. 

The 31p NMR spectra of the hydroxyapatite and 
fluorapatites under investigation, whether natural or 
synthetic, show three spectral components with signi- 
ficantly different relative intensities (Figs 1 and 2). 

Regarding the 31p shift anisotropy (using a spinning 
speed of 2 kHz) and the isotropic chemical shift (using 
a spinning speed of 13 kHz), the line B with maximum 
intensity of about 97% in all cases belongs definitely 
to crystalline apatite. Additional signals at 6iso = 
5.1 ppm (A) and 5is o = 0.0 ppm (C) could be caused by 
tricalciumphosphate impurities (Fig. 1). 

C**_ II B 

C* 

A 

C ~  - 

A 

(b) 

I I I I I I I 
20 15 10 5 0 -5 -10 

CS (ppm) 

Figure 1 3~p MAS NMR (sample spinning speed= 13kHz; 
B o = 9.39 T) spectra of synthetic hydroxyapatite (HAp) with (a) and 
without (b) heat treatment 5 h 1550 °C. The main line B belongs to 
calciumapatite. The lines A and C correspond to [3-tricalcium- 
phosphate and ~-tricalciumphosphate, respectively. The lines C*, 
C** and C*** represent different crystallographic phosphorus posi- 
tions of ~-tricalciumphosphate (seen only in samples with a relat- 
ively high content of e-tricalciumphosphate). 
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Figure 2 31p MAS NMR (sample spinning speed = 13kHz; 
B o = 9.39 T) spectra of synthetic ftuorapatite (FAp) with (a) and 
without (b) heat treatment 5 h 1550 °C (lines A, B and C: see Fig. 1). 

The NMR spectra of crystalline apatites after heat 
treatment (5 h at 1550 °C) exhibit significantly higher 
relative intensities of the additional lines A and C. In 
these cases, the 31p chemical shift tensor parameters 
obtained permit a correct attribution of the additional 
lines A and C to the signals of ]3-Caa(PO4) 3 and 
~-Ca3(PO4)3, respectively. 

Both heat-treated fluorapatites exhibit fractions of 
tricalciumphosphate of about 10% (Fig. 2), whereas 
the heat-treated hydroxyapatite contains more than 
90% of tricalciumphosphate (Fig. 1). This result is in 
agreement with the X-ray data on these materials, and 
the well-known solid-state reaction of the apatites to 
tricalciumphosphate [20]. Furthermore, the higher 
stability of the fluorapatites against conversion into 
tricalciumphosphate is confirmed. The extra signals (A 
and C) in the spectra of basic apatites are also caused 
by tricalciumphosphate. 

Table I contains the 31p chemical shift tensor para- 
meters of all apatites investigated. The 3ap MAS 
NMR spectra exhibit NMR parameters that are con- 
sistently within the margin of error. The main line 
(apatite line) in all samples belongs definitely to 
isolated phosphate groups (QO) influenced by Ca 2+ 
cations but is clearly different from those of trical- 
ciumphosphate. In summary, it can be confirmed that 
3~p high-resolution NMR permits clear identification 
of apatites in phosphate-containing solids such as 
glasses and ceramics. However, the distinction be- 
tween fluorapatite and hydroxyapatite, using solely 
31p NMR, cannot be made. 

TABLE I alp chemical shift tensor parameters and fractions of 
phosphorus in the apatite line related to total phosphorus amount 
in the hydroxyapatite (HAp), fluorapatites (FAp) and fluoridated 
hydroxyapatite (FHAp) samples investigated 

Sample 5i~ o A~i r I Relative 
(ppm) (ppm) apatite 

fraction 
(%) 

Synthetic 2.3 + 0.3 32 + 5 0.4 + 0.2 98 + 1 
FAp 

Mineral 2.3 __+ 0.3 27 _+ 5 0.5 _+ 0.2 97 + 1 
FAp 

Synthetic 2.3 _ 0.3 29 + 5 0.3 _ 0.2 98 __+ 1 
HAp 

Synthetic 2.3 + 0.3 29 _ 5 0.3 + 0.2 98 _ 1 
FHAp 

The reason for this is that the structural similarity 
between hydroxyapatite and fluorapatite, in regard to 
the investigated phosphorus nucleus, is very high. 
Hydroxyapatite and fluorapatite crystallize in the 
hexagonal system in the space group P6a/m and have 
been reported in detail [21-23]. Both structures have 
high similarity, but they differ in the position of the 
O H -  and F -  ions. In fluorapatite, the F -  ions are 
located just in the centre of a triangle formed by three 
Ca 2 + ions of the screw axis on the mirror planes at z 
-- ¼ and again at z = 3 (position of the F -  ions: 0;0; ¼ 

and 0;0; 3), while in hydroxyapatite the O of the O H -  
groups is located about 0.03 nm above or below the 
Ca 2+ triangle. By that the O - H  direction always 
points away from the mirror planes at z = ¼ and z - 3. 

19F MAS NMR investigations promise correct 
identification of fluorapatite and partially fluoride- 
substituted hydroxyapatite. Fig. 3 shows the 19F MAS 
NMR spectra of synthetic fluorapatite whereas Table 
II contains the corresponding 19F shift parameters. 
The 19F MAS N MR spectra of all fluorapatites con- 
sist of one line group. The isotropic 19F chemical shifts 
for fluorapatites and the fluoridated hydroxyapatite 
differ by about 2 ppm, whereas the 19F anisotropies 
are constant within the margin errors. The measured 
differences in the 19F isotropic chemical shift remains 
representative for the deviations in the fluorine short- 
range structure of fluorapatites and the fluoridated 
hydroxyapatite. Possibly the 19F isotropic chemical 
shift of fluoridated hydroxyapatites correlates to the 
relative fluorine content. Differences in the 19F chem- 
ical shift asymmetries do not seem to be useful to 
characterize fluorine short-range structure. 

Using the example of bioglass ceramics, the applica- 
tion of these results can be demonstrated. The focus is 
on a new apatite-containing glass ceramic developed 
in the system SiO 2 A I 2 O a - C a O - P z O s - N a 2 0 - F -  
1-24]. The glasses were melted at 1550 °C in a platinum 
crucible. The melt was poured into a preheated metal 
mould and was cooled to room temperature. These 
base glasses showed glass-in-glass phase separation, 
where droplets were embedded in the glass matrix. 
During a subsequent thermal treatment (1 h at 900 °C) 
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Figure 3 ~9F MAS NMR (sample spinning speed = 4.7kHz; 
B o = 6,35 T) spectrum of crystalline synthetic ftuorapatite ( 'V '  
mark spinning sidebands). 

T A B L E  II 19F NMR chemical shift paramters in different fluora- 
patites (FAp) and a fluoridated hydroxyapatite (FHAp) 

Sample 5~ o A8 vl 
(ppm) (ppm) 

Synthetic FAp 63.2 4- 0.5 67 _ 20 0.2 4- 0.2 
FAp with heat 63.0 4- 0.5 69 4- 20 0.2 -t- 0.2 
treatment 
Synthetic FHAp 60.5 _ 0.5 47 4- 20 0.7 4- 0.3 
Mineral FAp 62.6 4- 0.5 83 4- 20 0.7 4- 0.3 

apatite crystals of about 1 gm in size were precipitated 
from the droplet phase. After being ground to a 
powder (particle size 1-20 gm), the apatite glass ce- 
ramic could have been used as an inorganic compon- 
ent in glass ionomer cements [25]. 

T h e  31p  MAS NMR spectrum of this glass ceramic 
consists of two spectral components (D,E) which 
clearly differ in their 31p chemical shift shielding 
tensors and MAS linewidths (Fig. 4). Line D repre- 
sents crystalline calcium apatite because of the meas- 
ured 31p chemical shift shielding tensor parameters 
and the observed MAS linewidth of 1.2 _+ 0.4 ppm. 
The t9F MAS NMR spectra lead to the conclusion 
that the major part of the apatite is fluorapatite 
(Fig. 4). The spectral component E represents a glass 
phase due to the MAS linewidth of 13.4 ___ 0.4 ppm. 
The existence of isolated phosphate groups (QO), influ- 
enced by several cations (Na, A1, Ca), can be derived 
from the 31p shift tensor parameters. 
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Figure 4 31p MAS NMR spectrum (a) (sample spinning speed 
= 4.4 kHz; B0 = 6.35 T) and 19F MAS NMR spectrum (b) (sample 

spinning speed = 4.7 kHz; B o = 6.35 T) of the apatite-containing 
glass ceramic ( 'V'  mark spinning sidebands), Line D belongs to 
crystalline apatite, whereas line E represents the glass phase. 

4. C o n c l u s i o n s  
The presented 31p  NMR investigations of various 
apatites show that utilization of the 3tp shielding 
tensor permits correct identification of calcium apat- 
ites contained in glasses and ceramics. The distinction 
between hydroxyapatite and fluoride-containing ap- 
atites is not possible due to the high structural sim- 
ilarity of the phosphates, whether using 31p NMR 
(described by HaubenreiBer [15]) or X-ray diffraction. 

In addition, 19F high-resolution solid-state NMR 
investigations lead to correct distinction between vari- 
ous apatites. 

In consideration of the fact that NMR investiga- 
tions, both crystalline and amorphous substances, are 
possible, the high-resolution solid-state NMR is an 
excellent tool for the analysis of glass ceramics. 
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